It is shown by the observational data and the numerical experiments, that the local strong wind appears under the lee of a mountain when air crosses over the mountain, being cooled from the earth's surface.
Introduction
In this paper most attention is paid to the relatively small scale disturbances initiated by mountains, instead of synoptic scale effects of mountains such as the Rockies and Himalayas.
The linear theory of airflow over mountains which have been developed by Queney (1947 Queney ( , 1955 , Sawyer (1960) , Scorer (1949 Scorer ( , 1953 Scorer ( , 1954 Scorer ( , 1955 and the others, has clearified main character of the lee wave. On the other hand, non-linear theory of airflow over mountains by the numerical solutions of the non-linear system of equations of motion has been studied by Hirota (1965) and Krishnamurti (1964) . In these studies friction and diabatic heating such as thermal effect of the ground surface, have been neglected, and therefore meteorological character near the ground surface can not be discussed by these theories.
In many districts, local strong wind has been observed under the lee of a mountain.
Some examples of the local strong winds observed in Hokkaido, Japan are here presented and a numerical model including the effects of friction and diabatic heating is given to explain these local phenomena by the numerical experiments.
In our numerical experiment a crowd of convective cells is produced in the unstable layer originated with heating from the ground surface.
Such convective cells can be explained by the theory of inertia-gravity wave developed by Kuo (1962) , Lilly (1960) and the others, and the numerical experiments on the squall-line carried out by Ogura and Charney (1962) and Sasaki (1959) are closely connected with our case. One difficulty is how to decide the scale of the convective cells. The growthrate of unstable inertia-gravity wave becomes large with the wave number theoretically, and therefore in the numerical experiment the scale of disturbance is determined by the gride-size used. The scale of disturbance can be decided by taking into account the horizontal diffusivity coefficient but such method is not essential.
The hydrostatic relation is assumed in our numerical experiments and then the lee wave dosn't appear, but the effect of diabatic heating to the local strong wind can be discussed under this assumption.
And the hydrostatic approximation over-estimates the growth-rate of the unstable gravity wave, but the unstability characteristics of gravity wave are the same as the full case qualitatively.
The hydrostatic approximation is accurate for the disturbances whose horizontal scale is larger than five times of vertical depth. (Kuo, 1962) 
Observational results
When the travelling anti-cyclone crosses over the Japan Islands in spring or autumn, southwesterly wind prevails over Hokkaido and especially strong winds are observed in Wakkanai, Esashi and Oomu in the northern part of the Okhotsk Sea coastal area in spring. The strong wind in Wakkanai may be regarded as airflow over a mountain in the Rishiri Island which is located in the southwest of Wakkanai, and the ones in Esahi and Oomu as airflow over mountains in the northern part of Hokkaido (see Fig. 1 ). Several features of the strong wind in Wakkanai will be mentioned in the following. 21 days were selected from spring (May and June) and 25 days from autumn (September to November) of 1962 to 1964, on which southwesterly wind prevails on the northern part of Hokkaido and no particular pressure system passes through near Wakkanai. The relation between wind velocity and pressure gradient in Wakkanai on these days is first examined.
This relation is shown in Fig. 2 where abscissa is pressure gradient and ordinate is maximum wind velocity, and black spots correspond to the spring season and cross marks to the autumn season.
It may be seen from this figure that wind velocities in spring are generally larger than ones in autumn for the same pressure gradients. The 1962 will be shown. Fig. 4 and Fig. 5 are the vertical distributions of wind and temperature respectively. Maximum wind velocities appear at 200 m height and the inversion layers near the ground surface exist. Fig, 6 represents the vertical time section of temperature of 17 to 21 May, 1962 which shows invasion of warm air and cooling from the ground surface.
In spring, travelling anti-cyclones often cross over the Japan Sea and relatively warm air is brought to the Japan Islands from the Asia Continent, being cooled from the sea surface.
In that case the wind velocity in Wakkanai is too large to estimate by the geostrophic wind. In autumn, surface temperature of the Japan Sea is relatively warm and therefore the inversion layer near the surface is not produced.
In such case the wind velocity of airflow over mountain is not so large and may be estimated by the geostrophic wind.
Next it has been reported in various places that when cold air crosses over a mountain, the strong wind appears under the lee of the mountain (Nanasawa, 1966) . It was also examined by Miwa (1966) on the diurnal variation in Obihiro, Hokkaido (Fig. 1 ) that often in spring, it blows hard in the daytime but it ceases at night. The reason for this diurnal variation may be considered as follows.
In spring, snow is remaining in the Hidaka and Ishikari Mountains but it is melted away in the plain land, and therefore the plain land is more strongly heated by the insolation in the daytime to generate a convective circulation in the plain and mountain land.
Corresponding to the above observational results, the numerical experiment will next be carried out on the effect of cooling and heating to the airflow over a mountain.
Basic equations and boundary conditions
The theory of the lee wave of airflow over a mountain starts with a system of equations where P, p are the pressure and density, u, w are the velocities in the x and z directions respectively, motion is assumed to be uniform in the y-direction and c= **RT is velocity of sound (r=cp/cv). In order to get a linearized system of the above equations, each variables will be expressed as the sums of undisturbed parts and departures from these values as follows,
The equation (11) with the adequate boundary conditions governs the behaviour of the lee wave of airflow over mountain.
If the hydrostatic relation is assumed instead of (8), the following equation for w may be obtained instead of (11) (5) into (1), (2), (3) and (4), and neglecting the higher order terms, the following linearized system of equations can be obtained, According to the equation (11), the vertical behaviours of the disturbances are different owing to the horizontal wave length, but the equation (13) does not express such feature. The characteristics of the lee wave can not be derived from the equation (13), that is, the hydrostatic relation *p/*z+*g=o (combining (6) and (11)) dosn't produce the lee wave.
As our main purpose is not to discuss on the lee wave but to study the effects of cooling and heating to the airflow over mountains, the hydrostatic relation will be assumed. And the behaviours of the airflow over mountains will be studied by numerical time integration of a system of non-steady equations.
Instead of using the pressure p, it is convenient to use the non-dimensional variable **, where P is a reference pressure and k is the ratio R/cp = (cp-cv) /cp. T, p and **=T (P/p) k of (19), (20) and the right-hand side of (23) express the vertical eddy diffusion. In our numerical experiment, the following hydrostatic equation will, instead of (21), be assumed, is a uniform potential temperature.
If the potential temperature ** is assumed to be almost constant **, the pressure gradient force can be expressed as follows,
According to Ogura and Phillips (1962) , the system of equations (19) - (23) is suitable to describe the motion where the potential temperature is almost constant, and does not include the high-frequency acoustic waves. Furthermore, in the shallow convection ** may be regarded to represent the temperature deviation from the adiabatically stratified temperature.
As a continuity equation, the following form is used instead of (22), where ***** and ***** Using the relations (17) and (18), our system of equations of motion, continuity and thermodynamics in the incompressible atmosphere where the potential temperature is almost constant, will be written as follows, which is adequate to determine the vertical velocity w so as to take the definite values in the upper and lower boundaries, for the given velocity u.
Land temperature T which depends on the depth z only (directed downward from the earth's surface), is assumed to be governed by the equation of heat conduction as follows where Kg is a coefficient of heat conduction.
The condition of heat balance at the earth's surface is given as follows,
where the second terms in the right-hand sides where the first term s of (28) represents insolation, the second term h (T -ch) longwave radiation where h is a cooling coefficient and Ch is the specific temperature at which there is neither cooling nor heating, the third term Cg*gKg (***z) heat transfer downward and the fourth term cp *K(***z) eddy transfer of heat (Lonngvist 1962 ). The insolation s is numerically given at each time step.
In our numerical experiment a mountain which is assumed to be uniform in the ydirection, is located as Fig. 7 . Height of the mountain is 1000 m and the upper boundary is taken at H=2000 m. The condition of heat balance (28) is used to determine the ground surface temperature. The other conditions at the ground surface (including the mountain surface) are 
The remaining boundary conditions are as follows, and by the experiments where computational instability was originated in the slant of mountain for relatively large *t.
The various values on the slant which does not correspond to the grid points, are extrapolated from the values in the grid points.
And the inequality differences are used in place of the diff erentiations in the grid points near the slant. Vertical velocity and pressure are estimated from the diagnostic equations (25) and (24) respectively, while the other elements are decided by the prognostic equations.
Calculation examples
The numerical experiments by the system of equations mentioned above, will be carried out to interprete the essential features of (i) the strong wind in Wakkanai,
(ii) the cold air which crosses over a mountain, (iii) the diurnal variation of the strong wind in Obihiro. Next, the calculating results for these cases will be described and the concerning various problems will be discussed.
i) The strong wind in Wakkanai.
As mentioned previously, the strong wind in Wakkanai may be considered to be produced when relatively warm air travells over the Japan Sea and crosses over a mountain, being cooled from the sea surface.
In order to simulate the feature of such strong wind, the numerical experiments are carried out in the following two cases, a) Initial wind distributions u and w are given such as Fig. 7 (a) and (b) where u is uniformly 5 m/s in the upper part and vanishes on the surface (Positive direction is taken from right to left in the figure), and w is determined from the relation (25). Initial temperature distribution corresponds to the adiabatically stratified layer. And the insolation and long wave radiation is assumed to be zero, that is, S=h=0 in the heat balance equation (28) . In that case temperature does not change and therefore adiabatically stratified layer is conserved, b) Initial wind and temperature are the same with a). But in the heat balance equation (28), the insolation s only vanishes.
In that case the air is cooled from the surface by the nocturnal radiation.
The system of equations (19), (20), (23), (24), (25) and (26) is numerically integrated for the above two cases. Fig. 8 (a), (b) , (c), (d), (e) and (f), and Fig. 9 (a), (b) , (c), (d), (e) and (f) show distributions of u and w calculated for time t=1, 2, 3, 4, 5 and 6 hr. for the first case where temperature does not variate.
It may be seen from these figures that the local strong wind does not appear and the reverse current is produced along the slant of mountain.
On the other hand, Fig around a mountain. Our theory should be developed to the three dimensional motion to test such effect. Another discrepancy is that air is cooled by the sea surface and not so by the mountain surface actually, but in the calculation air is cooled by the ground surface including the mountain surface.
ii) Cold airflow over mountains.
In this case the effects of insolation and long wave radiation are neglected and therefore s =h =0 is assumed in the heat balance condition (28). As an initial temperature distribution which is showed in Fig. 13 , a state is taken, that cold air has just reached near the top of a mountain.
Initial wind distributions are the same with the previous case (Fig. 7) . Calculated distributions of temperature devi- Fig. 13 . Initial temperature deviation which is used with Fig. 7 as the initial conditions, in the numerical experiment on the case where cold air crosses over a mountain. ation **, horizontal velocity u and vertical velocity w are showed in Fig. 14~16 . It is known from this figure that when a cold air mass crosses over a mountain, strong wind is genes ated in the cold frontal area under the Fig. 14 . Temperature deviation at t =1, 2 and 3 hr. which correspond to (a), (b) and (c) respectively, in the numerical experiment on the case where cold air crosses over a mountain. lee of a mountain, but the strong wind can not necessarily be connected with unstable layer produced by the cold air in the upper level.
As may be seen from the results at t=2 and 3 hr. in Fig. 15 and 16, strong reverse current is generated near the mountain as an effect of the unstable layer.
Generally speaking, stable layer is apt to generate the strong wind but unstable layer is apt to generate the reverse current under the lee of a mountain.
iii) Diurnal variaiton of strong wind.
In order to simulate the diurnal variation of wind in Obihiro mentioned previously, the numerical experiment will be carried out for a case where the temperature rises on the plain land under the insolation but it is not so on the mountain for the effect of remaining snow. As initial conditions, u=0, w =O and **=0 are assumed. In the heat balance condition (28), the coefficient cg*gKg is assumed to take different values in the plain land and the mountain, to get the temperature difference between the plain land and the mountain.
And the insolation s is assumed to be constant. Fig. 17 (a) , (b) and (c) are the distributions of temperature **, horizontal velocity u and vertical velocity w calculated for time t=6 hr. As may be seen from this figure, several convective cells appear in the unstable layer under the lee of a mountain. Generally speaking, in this case the same wind circu- In the next paragraph, the physical and numerical meanings of such cells will be discussed.
5. Inertia-gravity waves originating from temperature discontinuity
The auther has carried out the numerical experiment on the sea breeze by using the same computational scheme as the present one (Magata, 1965) . In that case the difference of the heat balance at surface was considered as an origin of the temperature difference between sea and land.
Temperature discontinuity on the earth surface is also observed in the other case.
According to Matsumoto and Ninomiya (1966) , generation of cumulus clouds in the Japan sea in winter season is connected closely with sea temperature discontinuity produced by the Tsushima warm current. Now the numerical experi- ments on the disturbances originated from the temperature discontinuity will be carried out by using the same scheme with the sea breeze. Two dimensional x-z area (0 * x * D, 0 * z * H) is used for the calculation and grille sizes *x=5 km and -z= 300 m (D=90 km, H 3000 m) are assumed. Fig. 18 (a) , (b) and (c) show the distributions of vertical velocities at z=1200 m where maximum velocity appears, and surface temperatures calculated. Fig. 18 (a) is a stable case and Fig. 18 (b) and (c) are unstable cases. In the stable case, a disturbance is generated near the discontinuity and travells to the east, but in the unstable case, many disturbances are produced in the unstable layer and travel more slowly to the east. Such disturbances are considered to be inertia gravity wave and the linear theory of the inertia gravity wave has been developed by Lilly (1960) , Kuo (1962) and the others.
According to the theory, the growth rate of unstable wave in the unstable layer becomes maximum for a zero horizontal scale when horizontal diffusion is neglected.
Therefore the convective cells calculated by our scheme may be considered to be the most unstable wave and so its scale may depend upon the gride size used in numerical computation. It was actually recognized by using the various gride sizes for the calculations that the wave lengths of disturbances are nearly equal to 4 d (d is gride size).
In order to decide the wave length, the horizontal diffusion must be taken into account but its meaning is not clear. Next, it is known from the theory that the stable wave travells with a speed which is decided by the corioli's f acter and the static stability besides the general current, and the unstable wave travells with the general current only. These laws seem to hold nearly in our numerical experiments. In order to simulate the diurnal variation by the numerical model, the horizontal diffusion must be taken adequately to decide the scale of the disturbances.
In our computational scheme, the hydrostatic relation was assumed.
This assumption is known to make the growth rate of unstable wave larger than the complete scheme, but both the qualitative properties are the same. Therefore even when the complete scheme is used, the same problem must be solved.
Conclusion
Several results obtained in this paper can be summarized as follows,
i) The structure of the local strong wind in Wakkanai is relatively clear both in observation and theory, but the precise structures such as three dimensional distributions of temperature, wind, pressure, cloud and precipitation
are not yet known, and the observations of such meteorological elements are desired.
ii) It is well known that when cold air crosses over a mountain, the strong wind appears under the lee of a mountain.
But, our numerical experiment shows that the strong wind is generated in the cold frontal area under the lee of a mountain when a cold air mass crosses over and the reverse current is predominant when cold air exists at upper_ level and the stratified layer is unstable.
This problem should be clearified by the observation.
iii) The diurnal variation of wind in Obihiro can theoretically be expected but the precise structure of the diurnal variation should be clearified by the observation. In order to simulate the diurnal variation by the numerical model, the horizontal diffusion term must be taken into account, to determine the wave length of the most unstable gravity wave.
But the meaning of the horizontal diffusion is not necessarily clear. This problem is also concerning with the influence area of the sea and land breeze. iv) Our numerical model includes several faults such as the hydrostatic relation and nearly incompressible assumption. Especially the hydrostatic assumption excludes the lee wave originating from the mountain. It is important to determine the conditions under which the lee wave would be produced, but such problem can not be discussed by our model. Next our calculating area is limited to the lower layer owing to the nearly incompressible assumption.
Therefore our model is not adequate to discuss on the vertical transfer of energy and the vertical structure of the disturbance.
Further, there are many problems about the various secondary conditions.
